FERROMAGNETIC RESONANCE AT MICROWAVE FREQUENCIES IN AN IRON SINGLE CRYSTAL Introduction
The first experiment showing a microwave resonant absorption in iron was performed by Griffiths (1) . In this experiment, a thin film of iron was applied to one end of a microwave resonant cavity. An external magnetic field was applied parallel to the surface of the thin film. With a constant microwave frequency, it was found that a maximum power absorption occurred for a particular value of external applied field.
Kittel (2) has discussed the theory of ferromagnetic resonance absorption and has shown that the resonance condition is given by o = Y(H) 2 (1) where w o is the resonance frequency, y = ge/2mc = magnetomechanical ratio for electron spin, H is the static magnetic field, and B is the magnetic induction in the specimen. Kittel has further predicted that for single crystals the magnetic field for resonance should be dependent on the angle which the external field makes with the crystal axis, owing to the effect of anisotropy. In the present experiments, the resonance phenomenon was investigated, using a single Fe-Si crystal, with the purpose of determining the effect of the known anisotropy of the crystal on resonance absorption.
Theory
Before presenting the results of these experiments, a short discussion of the theory, as developed by Kittel, will be given. Ferromagnetic resonance absorption is to be expected, by analogy with the Purcell-Bloch nuclear resonance experiment, when the applied field is such that the microwave frequency is equal to the Larmor frequency for electron spin. It is shown that the demagnetization field normal to the surface of the crystal must be taken into account when calculating the Larmor frequency. The effect of crystalline anisotropy on resonance can be accounted for by treating the anisotropy energy in terms of an equivalent magnetic field. This treatment leads to the effective demagnetizing factor which is to be included in the calculation of the Larmor frequency, and results in a modification of Eq. (1).
In an infinite plane cubic crystal, the modified equation for resonance in the (100) plane is found by Kittel to be:
Here M s is the saturation magnetization, K 1 is the first-order anisotropy term (anisotropy energy/unit volume= Kl(sin 2 2e)/4),H z is the applied magnetic field, and is the angle between the magnetization and the [1001 direction of the crystal.
In this treatment it is assumed that the external applied field is always great enough so that the magnetization is saturated and oriented parallel to the external field. On these assumptions, using a constant frequency, one expects that the field for resonance in the (001) plane will vary with cos 48, since H z << 4M s at the frequencies used. This will give a maximum field for resonance in the [1101 direction and a minimum in the [ 100] direction.
Experimental Arrangements
The apparatus used in this experiment consisted of a resonant cavity arranged so that one surface of the iron crystal acted as part of one wall of the cavity, a reflex klystron for generating microwave power, and measuring equipment for determining the variation in absorption of power as the external magnetic field was varied.
The resonant cavity was constructed from a piece of brags waveguide shorted at one end and coupled through an adjustable iris to the waveguide leading to the generator. The cavity was one guide wavelength long and was Figure 1 shows the arrangement of the tron crystal n the wall of the cavity. A rectangular hole was cut in the narrow wall of the cavity so that the ron crystal placed against the hole would have an r-f magnetic field tangent to its surface plane. The cavity was placed between the poles of an electromagnet so that the external field was in the plane of the crystal, perpendicular to the r-f field in the crystal plane. By rotating the crystal about an axis perpendicular to its plane it was possible to change the angle between the external field direction and the [100] direction in the crystal plane. A very thin mica disc was placed between the crystal and cavity wall to prevent variation in the cavity Q due to variable contact between crystal and cavity.
A reflection method was used to measure relative power absorption in the crystal, as follows. The cavity containing the iron crystal was connected to the microwave power source by a waveguide, with sufficient attenuation inserted to isolate the source from the effects of changing load. A change in power absorbed in the crystal caused a change in the Q of the cavity, which changed the fraction of power reflected from the cavity. A directional coupler inserted in the guide between power source and cavity was oriented so as to pick up only the power reflected from the cavity. The signal thus received could then be related to the relative power absorbed in the crystal for each value of applied magnetic field. In order to measure the signal obtained from the directional coupler, a 1000-cycle-per-second square-wave modulation was applied to the signal generator, so that power picked up through the directional coupler could be detected by a crystal and the resulting 1000-cycle signal amplified through a narrow-band amplifier and read on a meter. The details of the method of measurement were as described in an earlier paper (3), except that in these experiments a directional coupler was used instead of a magic T for measuring the power reflected from the test cavity. The data obtained consisted of measurements of the relative power absorption as a function of external'magnetic field, from which could be plotted the magnitude of applied magnetic field necessary for maximum absorption versus the orientation of the crystal.
The applied magnetic field was determined by measuring the a-c voltage induced in a small rotating coil placed in the field. Details are given in Reference (3).
Effect of Strains in the Single Crystal
It should be mentioned that original measurements gave a very broad resonance effect, and showed essentially no effect of orientation on the -3-
magnetic field required for the absorption maximum. The crystal was therefore returned to the Bell Laboratories where it was electrolytically polished in an effort to remove any surface strains. Both before and after this treatment, examination was made of the domain structure, by H. J. Williams of the Bell Laboratories, using the colloid technique. In both cases, maze patterns characteristic of strain surfaces were found. However, after polishing, the resonance effect was found to be a strong function of orientation and, as will be shown, the detailed results indicate that the strains played at most a minor role after the crystal surface had been polished. All data given below were obtained on the polished crystal.
Magnetic-Field Correction
A correction must be applied to the values of magnetic fields obtained in these experiments, because we used a finite size of sample rather than an infinite plane. The result of this is that the demagnetizing field due to the edge surface of the crystal reduces the effective applied field by a calculable amount. Using the equations of Osborn (4) for the demagnetizing factors of a very flat oblate spheroid, and assuming a saturation magnetization of 1575 gauss, we find that for our crystal the effective magnetic field is obtained by subtracting 154 gauss from the applied field. All fields given have been corrected in this way. The half-width of the absorption curve is of the order of 200 gauss for the lower frequency. Accurate half-width data at the higher frequency are not available, but the half-widths at the two frequencies are known to be of the same order of magnitude. Possible effects of residual surface strains and the presence of silicon may affect the line width in these experiments. The half-widths obtained are therefore not necessarily characteristic of pure iron crystals. Using the values of H z giving the maximum absorption at each angle, the resonance magnetic field was obtained as a function of 8, as shown in Figures 3 and 4 -5-
The results at the higher frequency are seen to agree reasonably well with the theoretically determined values for resonant field. As shown in Figure 3 , the variation of resonance field with is accurately in accord with cos 4, showing that the magnetization is aligned with the external field for all values of . Examination of the curves for both frequencies shows that maximum and minimum values for resonance fields do not exactly repeat at 900 intervals.
This effect can be explained on the basis that the crystal face is not exactly in the (001) plane. With the crystal set at 00 there is actually a small angle between the [1001 direction and the external field, due to the error in the crystal surface. Rotation of 180° will give the same angle, but rotation of 900 will give a different angle. Thus, resonance fields at angles 1800 apart should be equal, but those 90°apart should be slightly different. This is in agreement with experimental results.
Results at the lower frequency ( Figure 4) show a number of deviations from the simple results at the higher frequency. In the first place, the variation of resonant field with angle no longer follows the cos 40 variation.
In the second place, a second resonance occurs at angles near the 110] direction, at lower applied fields than for the expected resonance. Figure 5 shows a typical resonance curve at a particular angle, illustrating the appearance of the second resonance. Each of the foregoing phenomena will be discussed below. from the fact that the first-order anisotropy energy per unit volume is given by f = K 1 (sin 2 2)/4, so that the torque f/66 becomes zero at = 00 and = 45°. It follows that the anisotropy forces, which cause the direction of magnetization to deviate from the direction of H, disappear at these angles. [
,oo]
It is possible to check the validity of this explanation of the departure from cos 4 dependence by deriving from our experiment the anisotropy force constant and comparing this with the known value. To do this, we first The appearance of the second resonance peak at low fields when e is near 450 can be qualitatively explained in the following manner. Consider the case where the applied magnetic field is in the [1101 direction (e = 450), As the field is increased from zero, the value of a will change. Figure 7 can be used to determine the value of a for each value of H z. The value of the resonance field can be determined for each value of a, using the known variation of resonance field with angle. In addition, H cos , the 1.
1.
I . As the applied field is increased, however, the angle a increases very rapidly so that the effective applied field is very far below the field required for resonance. Absorption is thus lowered until the field has been increased to such an extent that the normal resonance at e = 450 begins to show. The double peak shown in Figure 5 is in very good agreement with calculations made on this basis.
It should be noted that lack of knowledge of precise values of M s and K1 precludes the possibility of making an accurate determination of the effective g-factor in this experiment. We have used the value of y resulting from assuming g = 2, but any value of g within, say, 10 per cent of this would give equally good fit with the equations.
At the lower frequency used, an additional observation was made which has not been shown on the curves. The resonance fields reported were determined using only one side of the crystal. When the crystal was reversed to expose the opposite face to the microwave field, results were in agreement with the results using the original side, except that an additional resonance peak was found for certain orientations of the crystal. The field required for this peak was of the order of 40 per cent higher than for the normal resonance. The magnitude of the absorption and the field required for resonance was found to vary rapidly with angle, indicating that the effect was due to localized regions on the surface which behaved differently from the normal crystal surface, and whose effects disappeared s rotation -9--I-----------^'--··----" '.
----· " `-"-"I "~ I1 ' Il-.lll l ----C· 11·1-· ·111 -·lsrrrm_·· ·L-·ll of the crystal moved them out of the rectangular slit opening into the cavity. The normal resonance curve was unaffected, indicating-that only a small fraction of the exposed area of the crystal behaved anomalously. This result has been attributed to small regions under stress on the surface of one side of the crystal, which alter the anisotropy energy and hence affect the resonance fields. No observations at the higher frequency were made of the stressed side of the crystal.
Conclusions
The results of these experiments show conclusively that the effects of anisotropy can be accounted for along the lines suggested by Kittel. In the case of the lower frequency used, a simple modification of the theory is necessary, taking into account the fact that the direction of magnetization may deviate from the direction of applied field. The second resonance peak observed at the lower frequency is explained as a result of the deviation of the direction of magnetization from the direction of applied field.
